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OBJECTIVES This study was designed to validate strain measurements obtained using magnetic resonance
tagging with spatial modulation of magnetization (SPAMM). We compared circumferential
segment shortening measurements (%S) obtained using SPAMM to sonomicrometry %S in
a canine model with (n 5 28) and without (n 5 3) coronary artery ligation.
BACKGROUND Magnetic resonance tagging enables noninvasive measurement of myocardial strain, but such
strain measurements have not yet been validated in vivo.
METHODS Circumferential sonomicrometry crystal pairs were placed in apical myocardium at ischemic
risk in ligation studies and in adjacent and remote myocardium. The %S was obtained from
closely juxtaposed sonomicrometry and SPAMM sites.
RESULTS Paired data were available from 19 of 31 studies. Both methods distinguished remote from
ischemic function effectively (p 5 0.014 for SPAMM and p 5 0.002 for sonomicrometry).
SPAMM %S was similar to sonomicrometry %S in ischemic myocardium (2 6 3 vs. 0 6 3,
p 5 0.067) but was slightly higher than sonomicrometry %S in remote myocardium (11 6
10 vs. 7 6 5, p 5 0.033). End-systolic (n 5 30) and late systolic (n 5 34) SPAMM %S
correlated well with sonomicrometry %S (r 5 0.84, p , 0.0001 and r 5 0.88, p , 0.0001).
CONCLUSIONS Magnetic resonance tagging using SPAMM can quantitate myocardial strain in ischemic and
remote myocardium. This study validates its application in scientific investigation and clinical
assessment of patients with myocardial ischemia. (J Am Coll Cardiol 2001;38:555– 61)
© 2001 by the American College of Cardiology
Myocardial mechanical function can be imaged by silhou-
ette techniques, such as contrast and radionuclide ventricu-
lography, and tomographic techniques such as echocardiog-
raphy, fast computed tomography and cardiac magnetic
resonance imaging (MRI). With these methods, regional
contraction can be assessed by measurement of endocardial
excursion (1–4). However, endocardial excursion is not a
direct measure of intramural myocardial shortening (5).
Tomographic techniques are also commonly used to assess
wall thickening, a more direct index of intramural function
(6). However, assessment of wall thickening is affected by
in-plane and through-plane myocardial motion (7,8). In
addition, transmural gradients in function in normal and
ischemic myocardium cannot be resolved by wall thickening
analysis (9–11). Therefore, myocardial point tracking is
required for spatially detailed characterization of function
including assessment of transmural heterogeneity. Such
material point tracking cannot be performed by conven-
tional imaging techniques. Experimental methods used to
measure myocardial strain are sonomicrometry and ciner-
oentgenographic tracking of radio-opaque intramyocardial
markers (10–13). Limitations in the applicability of these
techniques include their invasive nature, the relatively lim-
ited sampling of myocardium they permit and potential
tethering and myocardial injury produced by crystal or
marker implantation. Magnetic resonance tagging tech-
niques enable noninvasive demonstration of segmental
myocardial shortening (14,15). Spatial modulation of mag-
netization (SPAMM) is one such technique, which pro-
duces grids of stripes on two-dimensional images (15,16).
The stripes deform with myocardial motion, thus providing
detailed noninvasive tracking of myocardial motion.
In vitro strain estimation using SPAMM has been
validated using a deformable silicone gel phantom (17).
Magnetic resonance tagging has been used to measure
strains and torsional deformation of the heart in normal
subjects (8,18–20) and athletes (19); in patients with myo-
cardial infarction (18), dilated cardiomyopathy (20), hyper-
trophic cardiomyopathy (21,22) and aortic stenosis (19);
and in experimental animals during myocardial ischemia
(23) and infarction (24) and with pacing (25). Systolic
circumferential myocardial segment shortening has been
measured using SPAMM in normal human subjects (26), in
subjects with left ventricular hypertrophy (27), in subjects
with hypertrophic cardiomyopathy (28) and in subjects and
experimental models with myocardial infarction (29,30).
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Despite its widespread use in cardiovascular investigation
during the past decade, the application of magnetic reso-
nance tagging to measure myocardial strain has not yet been
validated in vivo. In order to compare measurements of
strain by SPAMM and by sonomicrometry, we studied
myocardial systolic function in a canine coronary artery
ligation model using these two techniques.
METHODS
Experimental model. Thirty-one purpose-bred mongrel
dogs, each weighing approximately 20 kg, were studied in
accordance with the Position of the American Heart Asso-
ciation on Research Animal Use adopted on November 15,
1984. Following induction of anesthesia with morphine and
pentobarbital, each animal was intubated and placed on a
respirator. In 28 studies, after left thoracotomy, pericardiot-
omy and isolation of the mid left anterior descending
coronary artery, one pair of piezoelectric cylindrical
segment-length sonomicrometry crystals (Physiological
Monitoring Systems, Durham, North Carolina, and Triton
Technology, Inc., San Diego, California) was implanted in
the area to be rendered ischemic and a second pair was
placed remotely in the basal myocardium. In four of these
animals, a third pair of crystals was implanted in the
myocardium adjacent to the area at risk. In three studies, no
coronary artery dissection was performed, but crystal pairs
were placed at apical, basal and midventricular levels. Each
crystal pair was oriented along the circumference of the
short axis of the left ventricle. Epicardial copper sulfate-
filled markers that were bright on SPAMM images were
attached to each securing suture to aid in crystal identifica-
tion on magnetic resonance images. In 28 studies, the left
anterior descending coronary artery was ligated (along with
additional arterial branches as needed) to produce develop-
ment of persistent apical dysfunction documented by surface
inspection and sonomicrometry. The chest was closed and
the left lung was reinflated.
MRI. Magnetic resonance imaging was performed on a 1.5
T scanner (Signa, General Electric Co., Milwaukee, Wis-
consin) beginning 3 h after coronary artery ligation. Fol-
lowing scout spin-echo coronal imaging, a single-phase
multislice short-axis SPAMM series was acquired to verify
alignment and determine the duration of stripe persistence.
A single-slice axial cine MRI sequence (frame duration
25 ms) through the left ventricle was used to determine the
timing of end-systole, defined as time of minimal left
ventricular cavity size. One or two series of short-axis
multiplane, multiphase SPAMM images were obtained for
analysis of segmental function. Imaging parameters were
24 cm field of view, 128 3 256 matrix, pixel size 1.875 3
0.938 mm interpolated to 0.938 3 0.938 mm, TR 5 R-R
interval, TE 5 30 ms, four to five slices at four to five time
points per series, from 13 ms after the R-wave peak to
end-systole, two to four signal acquisitions with stripes
having 7 to 10 mm center-to-center spacing.
Sonomicrometry recordings. Sonomicrometry recordings
were made using a SONO-1-4D sonomicrometer (Physio-
logical Monitoring Systems) at 50 and 100 mm/s paper
speed with electrocardiogram reference. Recordings were
obtained at baseline, after coronary ligation and before and
after the multiphase SPAMM series. Following completion
of imaging, diastolic arrest was induced with cadmium
chloride (31) under deep barbiturate anesthesia and the
heart was removed. Locations, alignment and transmural
depths of crystals were verified by mapping the positions of
crystal pairs with respect to surface cardiac landmarks and
by determining the depths of implantation by transecting
the myocardium adjacent to each crystal site without dis-
turbing securing sutures.
Data analysis. Stripe separations on SPAMM images were
measured on a Sun workstation using the Region of Interest
module in the Volumetric Image Display and Analysis
(VIDATM) (32), a comprehensive cardiopulmonary image
analysis package developed by the Cardiothoracic Imaging
Research Center at the University of Pennsylvania. Loca-
tions of sonomicrometry crystal pairs were found on images
using crystal artifacts and epicardial copper sulfate tags, and
the closest adjacent SPAMM measurement sites were se-
lected. Measurements of circumferential shortening by MRI
tissue tagging have been performed extensively by our group
and other investigators (26–28) and have been previously
described in detail (26). In brief, measurements were per-
formed in one of two ways depending upon the orientation
of the stripes adjacent to each crystal pair (Fig. 1). At sites
where stripes were normal to the endocardium at end-
diastole, interstripe distance was measured perpendicular to
these stripes or parallel to the endocardium (Fig. 1). Where
stripes were oriented at 45° to the endocardial surface, the
distance between pairs of stripe intersections defining a
segment parallel to the endocardium was measured (26).
We have previously shown that both interobserver and
intraobserver reproducibility with this method are good (r 5
0.92 for both) (26,27). Stripe separation was measured at
late-systole (the last image before end-systole typically 60 to
70 ms before, depending on heart rate) and, when stripe
persistence permitted, at end-systole. Sonomicrometry seg-
ment length was measured with calipers on three to five
cycles at R-wave peak, at end-systole and late systole.
Measurements were performed by an investigator blind to
the SPAMM results except for the timing of late and
end-systolic (ES) measurements. Timing during the cardiac
cycle of sonomicrometry measurement was matched with
Abbreviations and Acronyms
%S 5 circumferential shortening measurement
ED 5 end-diastolic
ES 5 end-systolic
LS 5 late-systolic
MRI 5 magnetic resonance imaging
SPAMM 5 spatial modulation of magnetization
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that of the SPAMM measurement. Circumferential short-
ening (%S) by SPAMM and by sonomicrometry was
calculated using end-diastolic (ED) measurements and late
systolic (LS) or ES measurements with %S 5 (ED 2
LS)/ED 3 100% or (ED 2 ES)/ED 3 100%.
Statistical methods. Correlation analysis was used to de-
termine the linear relationship between SPAMM and
sonomicrometry %S for both ES and LS time points. Linear
regression analysis and Bland-Altman plots were used to
compare methods. A paired t test was used to compare %S
by sonomicrometry and SPAMM in ischemic regions and
in normal regions; an unpaired t test was used to compare
ischemic and normal regions by each technique.
RESULTS
Spatial modulation of magnetization images basal to the
level of coronary ligation generally revealed the expected
systolic reduction in spacing of stripes oriented perpendic-
ular to the endocardium, with convergence of stripes at the
endocardium at end-systole (Fig. 2). This pattern is char-
acteristic of normal circumferential segment shortening
with a normal transmural gradient in function, as previously
described (26). Spatial modulation of magnetization images
apical to the level of coronary ligation demonstrated seg-
mental dysfunction, seen as lack of normal stripe deforma-
tion and lack of normal wall thickening (Fig. 3). Of note,
immediately adjacent to some basal crystal sites in normal
myocardium (4 of 14 overall) locally diminished stripe
deformation was observed (Fig. 2).
Spatial modulation of magnetization and sonomicrom-
etry measurements were obtained at closely juxtaposed but
not identical myocardial sites. Spatial modulation of mag-
netization data were obtained from the closest stripe pair or
intersection pair adjacent to the segments at which sonomi-
crometry data were obtained. When crystal artifacts (about
3 mm in diameter) were identified, a SPAMM measure-
ment site was chosen immediately adjacent to but not
distorted by artifact because the presence of a hypointense
artifact abutting a dark SPAMM stripe could make the
location of stripe position ambiguous. In all instances,
distance from the SPAMM measurement site to the nearest
crystal was ,2 stripe pairs, or 14 mm at end-diastole.
Spatially and temporally matched data suitable for compar-
ison of SPAMM and sonomicrometry results were obtained
in 19 of 31 studies. Data were not obtained in four studies
because of cardiac arrest before protocol completion, in
three studies because of instability (ventricular tachycardia,
ventricular fibrillation and cardiogenic shock), in three other
studies because of inadequate sonomicrometric recordings
and in two studies because of inadequate SPAMM images.
Among the 19 analyzable studies, 36 out of 45 crystal sites
could be matched and evaluated by both sonomicrometry
and SPAMM techniques. At 28 sites, %S was determined at
both late and end-systole. At six sites, %S was determined
only at late systole (mean 65 ms before end-systole) because
Figure 2. End-diastolic (A) and end-systolic (B) short-axis spatial modu-
lation of magnetization images of canine left ventricle in a basal location
remote from ischemia demonstrating characteristic normal systolic stripe
deformation. Note the presence of derangement in normal pattern of
contraction immediately adjacent to the crystal associated artifact (arrow).
Figure 1. Diagram of a short-axis image of left ventricle tagged with spatial
modulation of magnetization (SPAMM). (A) At sites where SPAMM
stripes were perpendicular to the endocardium at end-diastole, interstripe
distance was measured normal to these stripes or parallel to the endocar-
dium. (B) At sites where adjacent stripes were oriented at 45° to the
endocardial surface, the interstripe distance was measured at stripe inter-
sections aligned parallel to the endocardium.
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of difficulty in discerning stripe locations on ES images with
certainty. At two sites, %S was determined only at end-
systole because an appropriately timed LS image was not
available. Transmural depths of SPAMM measurement
sites were matched to the positions of corresponding
sonomicrometry crystals with 11 sites adjacent to the endo-
cardium, 19 midwall and 6 adjacent to the epicardium.
Circumferential shortening at end-systole as determined by
SPAMM (n 5 30) correlated well with that measured by
sonomicrometry, with a correlation coefficient of 0.84 (p ,
0.0001) (Fig. 4A). A similar relationship was found at late
systole (Fig. 4B) with %S as determined by SPAMM (n 5
18) correlating well with that measured by sonomicrometry
(r 5 0.88, p , 0.0001). The slope of the linear regression
for %S by SPAMM versus %S by sonomicrometry was 1.2
at end-systole (not significantly different from 1, p 5 0.14)
and 1.3 at late-systole (significantly .1, p 5 0.037).
Bland-Altman plots of measurements by SPAMM and
sonomicrometry revealed a bias with an increase in differ-
ence between SPAMM %S and sonomicrometry %S with
increase in average %S. Therefore, transformed Bland-
Altman plots were constructed plotting the ratio of
SPAMM %S to sonomicrometry %S versus average %S
(Fig. 5). However, the 95% limits of agreement for these
plots are wide, reflecting nonsystematic differences between
the methods and fairly small sample size. Both SPAMM
and sonomicrometry distinguished between remote normal
and ischemic sites effectively (Table 1). Mean %S by
SPAMM was 11% 6 10% at remote normal sites versus 2 6
3% at ischemic sites (p 5 0.014). Similarly, using sonomi-
crometry, remote normal %S was 7 6 5% versus 0 6 3% at
ischemic sites (p 5 0.002). However, at normal sites, %S by
sonomicrometry was significantly lower than that obtained
using SPAMM (7 6 5% vs. 11 6 10%, p 5 0.033). In
contrast, at ischemic sites no significant difference between
sonomicrometry and SPAMM measurements was found
(0 6 3% vs. 2 6 3%, p 5 0.07).
Figure 4. Plot of relation between percent circumferential shortening (%S)
as determined by sonomicrometry and %S determined by spatial modula-
tion of magnetization at (A) end-systole (n 5 30) and (B) at late systole
(n 5 34). SPAMM 5 spatial modulation of magnetization.
Figure 3. End-diastolic (A) and end-systolic (B) spatial modulation of
magnetization images of canine left ventricle in an apical location in the
region of ischemia. Loss of contraction is demonstrated in a region of
diastolic wall thinning (arrow) as well as in an adjacent region with normal
diastolic thickness (arrowhead) by lack of normal systolic wall thickening
and lack of normal stripe deformation.
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DISCUSSION
To our knowledge, this is the first study to validate
measurements of myocardial circumferential shortening by
MRI tissue tagging in vivo. These results are particularly
important given the extensive use of this technique in
cardiovascular research and its applicability to routine clin-
ical diagnostic cardiology (18). Previous studies have used
MRI tagging to construct three-dimensional volume ele-
ments from which measurements of systolic wall thickening
were compared to thickening from sonomicrometry crystals
implanted along the radial direction (33). Those studies did
not validate direct measurements of alterations in interstripe
distance as reported in this study.
Both SPAMM and sonomicrometry effectively distin-
guished shortening in normal regions from that found in
regions of ischemic dysfunction. However, shortening in
remote regions tended to be slightly higher by SPAMM
compared with sonomicrometry (Table 1). Spatial modula-
tion of magnetization and sonomicrometry shortening val-
ues were similar in ischemic regions; SPAMM and sonomi-
crometry measurements of circumferential fractional
shortening correlated well. These results indicate that
SPAMM is a reliable method for assessment of segmental
myocardial dysfunction due to ischemia.
Limitations of SPAMM measurements. Myocardium
imaged at end-systole was not identical to that imaged at
end-diastole because of long-axis cardiac translation
through short-axis imaging planes. However, systolic seg-
ment shortening could be accurately measured because
stripe spacing at end-diastole is identical in all short-axis
planes. Hence, the initial ED stripe separation in myocar-
dium imaged at end-systole is known, even when that
myocardium is not imaged at end-diastole. Therefore,
segment shortening can be calculated using the known
uniform ED stripe separation and measured ES stripe
separations. Spatial modulation of magnetization images
represented temporally averaged data acquired over hun-
dreds of cardiac cycles. Such averaging can cause significant
image degradation under unstable conditions associated
with significant heart rate and respiratory variation during
imaging. However, good image quality was obtained in the
majority of studies. Faster gradient echo tagging methods
can shorten data acquisition times by a factor of 7 to 10 (34).
Correspondence between SPAMM and sonomicrometry.
Spatial modulation of magnetization and sonomicrometry
measurements were made at closely juxtaposed but not
identical locations. However, imperfect matching of
SPAMM and sonomicrometry sites likely contributed to
the variation between methods demonstrated on the Bland-
Altman plots. Subsequent to completion of this study,
repeated efforts using alternative crystal designs, lead mate-
rials, crystal spacing and imaging methods have not yielded
an approach permitting closer correspondence of sonomi-
crometry and SPAMM measurement sites. Spatial modu-
lation of magnetization and sonomicrometry data could not
be collected simultaneously owing to the effects of radiofre-
quency pulses and magnetic field gradients on the sonomi-
crometry system. However, sonomicrometry data were ob-
tained immediately before and after each SPAMM series
used for data analysis.
Circumferential shortening measurements by sonomi-
crometry and SPAMM in remote myocardium were gen-
erally similar to those reported in the sonomicrometry
literature (9,10,35,36). However, as reflected in Table 1,
shortening at some remote sites was impaired. Depression
of systolic function at sites remote from myocardial ischemia
has been observed within minutes to days following coro-
nary occlusion (29,37,38). Factors that may have contrib-
uted to the depression of remote shortening in this study
include the length of the experiments (with sonomicrometry
Table 1. Ischemic and Remote Region Circumferential Segment
Shortening (%S)
Region n SPAMM Sonomicrometry p Value
Ischemic 9 2 6 3 0 6 3 0.067
Remote 12 11 6 10 7 6 5 0.033
p Value 0.014 0.002
SPAMM 5 spatial modulation of magnetization.
Figure 5. Bland-Altman plots for comparison of percent circumferential
shortening (%S) comparing the ratio of spatial modulation of magnetiza-
tion (SPAMM) %S and sonomicrometry (sono) %S at (A) end-systole and
(B) end-diastole to average %S (0.01 was added to end-diastolic %S for this
plot to avoid division by 0).
559JACC Vol. 38, No. 2, 2001 Yeon et al.
August 2001:555–61 Validation of Strain Measurement by Magnetic Resonance Tagging
and SPAMM measurements occurring at least 3 h following
coronary occlusion), the severity of ischemic insult and
potential local effects of sonomicrometry crystals. Bland-
Altman plots demonstrated greater absolute differences in
SPAMM %S versus sonomicrometry %S at greater average
%S. Differences between SPAMM and sonomicrometry
measurements may have been due to reduced function
immediately around and between sonomicrometry crystal
loci because of local trauma or tethering by either the
sonomicrometry leads or securing sutures. Such dysfunction
would likely be maximal between crystals and have less effect
on function in the adjacent myocardium assessed using
SPAMM. In support of this explanation were observations
(Fig. 2) of disruptions in systolic SPAMM stripe deforma-
tion immediately adjacent to crystals. Sonomicrometry and
SPAMM results may correspond more closely in ischemic
myocardium because sonomicrometry crystal insertion did
not significantly alter function that was already markedly
depressed.
Conclusions. We conclude that magnetic resonance tag-
ging with SPAMM is an effective noninvasive means of
measuring segmental myocardial function that can quanti-
tate segment shortening in normal and ischemic myocar-
dium. Results are consistent with those obtained by sonomi-
crometry and effectively distinguish normal function from
ischemic dysfunction. Magnetic resonance tagging methods
such as SPAMM permit extensive noninvasive, readily
repeatable transmural topographic analysis of segmental
function in experimental models and in human subjects. In
addition, tagged images can be spatially correlated with
magnetic resonance contrast enhancement patterns that
identify infarction, viability and microvascular obstruction
(24,39). Such methods should prove particularly helpful in
further characterizing the topography of segment function
over time in experimental and clinical studies of ischemic
heart disease.
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